D2CCO has been investigated in the first excited vibrational states of the v9, v6, and v5 vibrations. About 150 transitions have been measured partly at room temperature and partly at 360 K using a micro-and millimeter-wave spectrometer provided with an averaging system using a personal computer. Rotational and centrifugal distortion constants have been obtained for the excited states mentioned. A simultaneous least squares analysis of these MW-data with upper state combination differences obtained from FT-IR data has been carried out. Improved sets of molecular parameters have been obtained.
I. Introduction
Ketene was the subject of some of the earliest mi crowave studies because of its relatively simple struc ture and its importance for chemical synthesis [1] [2] [3] ,
The microwave and infrared studies of the HD and D2 substituted species [2] [3] [4] [5] gave information about the molecular geometry.
Nemes and Winnewisser [6] measured a-type rota tional transitions of the ground state of Ketene-dj, and Ketene-d2, in the frequency range from 8 GHz to 220 GHz, and analysed the spectrum in terms of Watson's a-reduced Hamiltonian, including the sextic terms HKJ and HJK. In addition they determined val ues of the inertial defect and the t defects [6] . During these measurements they observed and measured also some lines belonging to vibrationally excited states, but did not analyze them [7] , The in-plane vibration v9(371.6 cm "1), belonging to the B2 species and the out of-plane vibrations v6 (434.7 cm-1) and v5 (541.2 cm-1), belonging to the Bj species, correspond to the lowest vibrational levels of D2C20 and are appreciably populated at tempera tures from 300 to 360 K. Recently Hegelund et al. [8] investigated the high resolution IR-spectrum of Reprint requests to Prof. Dr. A. Guarnieri, Institut für Physi kalische Chemie, Universität Kiel. Olshausenstr. 40, D-2300 Kiel 1. D2C20 and published the constants for the excited vibrational states v9, v6, and v5. Since no microwave work exists concerning the excited states and possible shifts of the rotational lines due to Coriolis interac tion, we started an investigation of these three excited vibrational states with the purpose of considering the problem from the pure rotational point of view.
II. Experimental Details
The IR measurements were carried out with the Fourier Transform spectrometer at the University of Oulu [9, 10] and have been described in [8] ,
The measurements in the microwave region have been made at the University of Kiel, using an averag ing technique with an IBM-AT-Clone (PC), as de scribed below. A block diagram of the experimental arrangement is shown in Figure 1 . The spectrometer was mainly used in the source modulation mode.
/. Frequency Control
The standard frequency is provided by a frequency synthesizer PTS 500 (TEXCAN), whose standard is a 10 MHz-signal derived from the 77.5 kHz signal of the broadcasting station DCF 77 (Mainflingen, Ger many). A 77.5 kHz receiver XKE2 (ROHDE & SCHWARZ) is combined with a crystal oscillator 0932-0784 / 89 / 0600-04 9 5 $ 01.30/0. -Please order a reprint rather than making your own copy. XSD2 (ROHDE & SCHWARZ) to yield a 5 MHz signal with a relative accuracy of 5 x 10"10. This sig nal is used to drive the synthesizer after multiplication by two. The output-frequency of the PTS 500 has been used for the stabilisation of the klystrons through two loops in the usual way.
Interface
The PTS Synthesizer is driven by means of a PC in the following way (see Figure 2 ):
O u tput to PTS500
The core of the driver is a set of 10 BCD-counters 74LS192. The outputs Q1 ... are connected to the inputs of 10 BCD-to-7-segment decoders 74LS47 and further via inverters 74LS04 to the corresponding in puts of the PTS 500. The 74LS47 drive 7-segment dis plays HA1181r.
Setting of C ounters
If the input 'Load' (Pin 11) of the BCD-counter is set to zero, the counter enters the desired data at inputs D0 ... D3 (Pin 15,1, 10, 9). To load the 10 coun ters separately we chose a NAND-gate:
The A input of the gate was connected with the command 'Load' coming from the PC. The B input was connected to the inverting output of one of the 74LS47's. With these decoders it is possible to choose (via LSELECT A ... D) the counter, to which the ar riving data (LOAD A ... D) have to be read in. This is controlled by the computer. If the LOAD-signal and the corresponding decoder output are high, the input of the counter is low (Table 2 ) and the data are ac cepted. The A input of the gate is connected to the CARRY respectively BORROW-output of the counter (in rest position "high"). The B input of the XOR-gate con nects the output of a 3I-AND-gate (74LS11). The following three signals are at the inputs of this gate:
A: An inverted signal from the Decoder (74LS42) to choose the frequency digit. B: A signal to indicate the direction of counting. C: The clock.
If the first two signals are "high", the clock can switch the output of the 3I-AND-gate (Table 3) .
D etector Signal C onversion
On the detector side, the signal was processed by an 8-Bit-AD converter AD570, protected by a 15 Ohm resistor. We clipped voltages greater than 5 V with 2 Z-diodes. The last step is the handing over of the digital signals to the PC with the help of a power inverter 74AS1004.
Sweep Procedure
The frequency sweep was performed by switching 1024 frequency steps for up-sweep and 1024 frequency steps for down-sweep. The frequency steps are pro duced by reading the start frequency into the cascaded BCD-counters and then stepping one of them. The computer calculates the start frequency, the digit of the BCD-counter which has to be switched, and stores the corresponding value coming from the AD-converter. After each up-and down-cycle the up-sweep is displayed on the monitor. This procedure is very fast, and it is possible to repeat the whole cycle with a repetition frequency of 5 Hz. The technical details are given in Table 4 .
Softw are
After the data acquisition has been completed, the program, written in Pascal, allows a lot of manipula tions of the data set as shown in Figure 3 .
Three menus help the user to handle the program.
The main menu has the option of calling the input/ output-and manipulation-submenu. During record ing of the data the normalized averaged upsweep is presented on the monitor.
To determine the frequency of maximum absorp tion, a Lorentzian-lineshape is fitted to the experimen tal data up to half maximum intensity.
The I/O menu allows storage, reading, printing and plotting of data. The manipulation menu handles op erations like smoothing (according to Savitzky and Golay [11] ) and mode suppression.
An example of lines of ketene-d2 in the range 53068.6 MHz to 53079.842 MHz is given in Figure 4 . In addition two kinds of manipulations are shown, namely mode subtraction and smoothing.
Detection
Detection of the microwaves has been done with an InSb bolometer in the usual way [13] .
Phasemodulator
There are two demands concerning the modulation: First, the MW-source has to be swept phase locked to ensure a satisfactory frequency accuracy, and, second, a higher sensitivity should be achieved by using source (frequency) modulation. For this purpose a frequency 541 □i. 17. 6. 1987 Dideuteroketen Overview re l. Int. In the case of the FDS30-stabilizer we use a modu lated 10 MHz signal. As we wish to utilize fully the accuracy offered by the frequency standard, the fre quency modulated carrier frequency has to retain its absolute precision. Thus we use a phase modulation technique. Since the modulation frequency / mod is constant, the phase modulation is equivalent to a fre quency modulation.
To estimate the required phase deviation we look at the modulation and detection system used.
In the case of an absorption line a frequency modu lation of the source produces an amplitude modula tion of the detected microwave power. Subsequent demodulation yields the molecular absorption signal. In our set up we use a lock-in amplifier (Ithaco 393) working in the 2 /-mode.
To guarantee a sufficient level of the 2 /-amplitudesignal at the maximum of the absorption line the fre quency deviation of a frequency modulated MWsource has to be of the same order of magnitude as the line width.
On the other hand this frequency deviation is lim ited by the condition of having no 2 /-signal in the quasilinear part of an absorption line, which is repre sented by its slope. A deviation of the half width of the absorption line satisfies both conditions. Assuming a line width in the MMW-range of 0.5 MHz, the corre sponding frequency deviation of the MW-frequency, as well as of the 30 MHz synchronizer working fre quency, is about 0.25 MHz.
The synchronizer (Schomandl FDS30) operates with an external reference frequency of 10 MHz, which is multiplied internally to the working fre quency of 30 MHz. Thus we need a frequency devia tion AF of AF =0.25/3 MHz = 83 kHz for the 10 MHz reference.
Having a modulation frequency / mod of 16 kHz, the resulting phase shift is It is only possible to get phase shifts of this magni tude by using frequency multiplication. The multipli cation factor for the frequency is the same as for the phase shift.
In our phase modulator (Fig. 5) we use electronic circuits which allow maximum phase shifts of 45°, and therefore we need frequency multiplication greater than 300745° = 6.7.
Thus a factor of eight would solve the problem. Consequently in a first step we divide the 10 MHz reference by eight to get a frequency of 1.25 MHz. The second step is the phase modulation up to 45° fol lowed by a frequency multiplication, again by a factor of eight.
The resulting maximum phase shift is in the order of magnitude of 8 x 45° = 360°.
The phase modulation of the 1.25 MHz sinewave is done by a comparator (AM686DC), whose working principle is to compare the continuous 1.25 MHz in put voltage with the modulation voltage as a reference voltage. When the voltage of the 1.25 MHz signal is larger than the reference level, the comparator output delivers a square wave voltage ( Figure 5 ).
The interesting part of the resulting square wave is the ascending slope, which is determined by the points (circles in Fig. 5 ) when the 1.25 MHz input voltage exceeds the reference voltage.
Since the comparator reference voltage varies with the level of the modulation voltage, the ascending slope of the output square wave shifts simultaneously.
If care is taken that the adjustable amplitude of the modulation voltage is limited to 70% of the amplitude of the 1.25 MHz signal, the resulting phase shift of the square wave will deviate less than ten per cent from linearity.
The maximum length of the square wave pulses at the comparator output is not constant. To obtain a constant output amplitude from the following fre quency multiplier, a constant maximum length of the square wave is necessary. To achieve this, the output voltage of the comparator is applied to a monoflop (74LS121). The pulse length is fitted to the resonance frequency of the following 2.5 MHz doubling circuit (200 ns).
Two further doubling circuits produce the desired output frequency of 10 MHz.
Synthesis of D2C20
The deuteroketene sample was synthesized by gas phase pyrolysis of perdeutero-acetone with a ketene-lamp as described in [12] . The major impuri- Table 5 . Rotational transition frequencies (MHz) of ketene-d2 in the v5 = l state. Measured frequencies were obtained with our computer controlled spec trometer; the calculated frequencies were obtained with the s-reduced con stants from the MW fit. -The last figure has poor significance. Transitions with ** have been measured by Nemes and Winnewisser [7] , Transitions with * arc given in [2, 3, 14] . III. Results
Pure Rotation Transitions
The microwave and millimeter wave rotational spectra show the structure expected for a-type transi tions of a slightly asymmetric prolate top molecule.
Starting values for the prediction of the spectra were low frequency lines measured in [3, 14] , These lines are labelled with (*) in Tables 5, 6 , and 7. Lines in the millimeter range were identified partly through the Stark effect and partly by means of double resonance experiments. Subsequently it was possible to identify the lines marked with (**) already measured by Nemes and Winnewisser during their investigation of the ground state [7] .
The fit of the measured frequencies has been made using Watson's s-reduced Hamiltonian in the P axis representation because the molecule is near the pro late symmetric top limit: Hred = A Pa2 + BPh2 + C P 2 -Dj (P2)2 -Djk P 2 P2 -D KPa* + dy P2 (P2 + P 2) + d2 (P t + P_4) + Hjk (P2)2P2 + Hk jP2P: .
With the purpose of comparing our data with those obtained by IR-analysis, we also performed a fit using Watson's a-reduced Hamiltonian: Hrcd = A P2 + B P2 + C P2 -Aj (P2)2 -A jk P2 P2 -A KPa4-l / 2 [ ö j P 2 + öKP 2,P 2 + P 2] + + <PJK(P2)2Pa2 + <PKJP2P: •
The results of both fits are given in Tables 8, 9 , and 10.
As expected, the obtained values of the parameters in the Watson's a-reduced fit show a larger error than in the other case. A similar feature can be observed in the correlation matrices, where the correlation coeffi cients for the a-fit are sometimes near the 1 limit.
In order to compare our data with those of the ground state we made a recalculation of the ground state constants (Table 11 ) using a similar set of lines as for the excited states. The resulting standard deviation is not the same as that given in [6] because of the different number of considered lines; nevertheless it is considerably smaller than in the excited states because of the higher accuracy reached through measurements of stronger ground state lines.
Least squares analysis of MW-and IR-Data
In a second step we used IR-data combined with MW-transitions for the determination of molecular constants. The Fourier transform IR-data have been taken from the measurements at Oulu [8] , These data have been transformed to upper state combination differences for the v9, v6, and v5 fundamental levels. Most of the differences are from the v6 band which has pP-and RR-transitions extending far out in K. For v9 and v5 the RR-and pP-transitions, respectively, vanish rapidly with increasing K, thus limiting the upper state combination differences non-diagonal in K to low K-values, only.
For the analysis we used the same model for inter actions in the v9, v6, and v5 levels as described in [8] . Basically this model takes into account first order a-Coriolis interactions within the tetrade v9, v6, v5, and v8 using Watsons a-reduced Hamiltonian. In ad dition, higher order perturbations between v6 and v9 and between v6 and v5 are included. The Hamiltonian matrix of the model and the definition of its parame ters are given in Table 2 of [8] ,
The constants obtained from the fit are given in Tables 12-14 . This fit was to 136 rotational data from the present work and 3198 upper state combination differences from the infrared measurements [8] . The data used in the fit were weighted according to the estimated uncertainty of the measurements. The un certainty of our microwave measurements has been estimated to be 30 kHz, and of the Fourier transform data [8] 3 x 10"3 cm-1. A weight of 106 was therefore used for the MW-data relative to the IR-data. In the fit we constrained the band center values and a few other of the constants to the values as obtained in [8] . In total we have determined 34 molecular parameters from this fit.
IV. Discussion
As with ground state constants ( Table 8 ) the mi crowave data give poor estimates of the A and DK constants because only a-type transitions can be ob served in this very nearly prolate asymmetric top mol ecule [15] . For this reason the DK (AK) constant had to (Table 15 ). -The correla tion coefficients which are near 1 in the a-reduced MW fit which are near 1 do not exceed the value of0.8 in the IR-MW fit. (Table 15) . Table 15 . Molecular parameters of D2C20 in the v5 = l, v6 = 1, and v9= 1 states obtained from a simultaneous analy sis of rotational transitions and upper states combination differences from the infrared spectrum3.
be fixed to the values given in the IR-MW fit in order to get acceptable matrices of the correlation coeffi cients. A comparison of the given fits for 5-and a-reduction Hamiltonian in v5, v6, and v9 is not possible because of the different definition of some distortion constants. Nevertheless it can be noted that the a-reduction parameters have a larger error and that more correla tion coefficients approach unity.
It was already shown by Johns et al. [15] and Mallinson and Nemes [16] that the A constant differs considerable if one compares values obtained combining MW + IR measurements with values ob tained from MW-spectra alone. This happens particu larly for H2CCO and HDCCO but not for D2CCO, in the ground state, where the difference is only 0.00034 cm "1 outside the error limits (see Table 1 in [8] The same does not seem to happen for our data. In fact a very large discrepancy is found for v9 (Table 14) , where the difference in A is 0.38 cm -\ more than 100 times the standard deviation, and for v6 (Table 13) , where the difference is a little less but still 0.2 cm-1. The best agreement is found for v5, where the differ ence is 0.05 cm "1.
Why is there such a large disagreement in the ex cited states, but not in the ground state? If we com pare both fitting procedures we see that the IR + MWdata have been fit to Coriolis interactions between v8, v9 (B2) and v6, v5 (BJ. As was pointed out by Nemes there are first order a-type interactions between these levels as well as some second order interactions which are expressed by the constants and w56 (see Table 3 in [8] ).
Since the position of the lines in the MW-spectrum could be explained with a normal centrifugal distor tion analysis, we did not include any Coriolis interac tion constants in the microwave data fit. Our MWconstants are therefore effective constants containing some contribution of this interaction.
The contribution to the .4-rotational constants due to tf-Coriolis interaction may be obtained as the differ ence between the ^-constants obtained from the MW-fit and the ^-constants obtained from the IR + MW-fit. For v5, v6, and v9 we obtain A A (Cor) = 0.0520 (17) Table 3 in [8] the following Coriolis contributions may be predicted for v5, v6, and v9 from second order perturbation theory: 0.049 cm "1, 0.159 cm-1, and -0.401 cm-1. This shows that most of the observed Coriolis contributions to the A-rotational constants derive from a-Coriolis interactions within the tetrade v8, v5, v6, and v9.
